Current experimental vaccines against serogroup B Neisseria meningitidis are based on meningococcal outer membrane (OM) proteins present in outer membrane vesicles (OMV) in which toxic lipopolysaccharide is depleted by detergent extraction. Knowledge of the composition of OM and OMV is essential for developing new meningococcal vaccines based on defined antigens. In the current study, sodium dodecyl sulfate-polyacrylamide gel electrophoresis and nanocapillary liquid chromatography-tandem mass spectrometry were used to investigate the proteomes of OM and OMV from meningococcal strain MC58 and OM from a lipopolysaccharide-deficient mutant. The analysis of OM revealed a composition that was much more complex than the composition that has been reported previously; a total of 236 proteins were identified, only 6.4% of which were predicted to be located in the outer membrane. The most abundant proteins included not only the wellestablished major OM proteins (PorA, PorB, Opc, Rmp, and Opa) but also other proteins, such as pilusassociated protein Q (PilQ) and a putative macrophage infectivity protein. All of these proteins were also present in OMV obtained by extraction of the OM with deoxycholate. There were markedly increased levels of some additional proteins in OM from the lipopolysaccharide-deficient mutant, including enzymes that contribute to the tricarboxylic acid cycle. In all the preparations, the proteins not predicted to have an OM location were predominantly periplasmic or cytoplasmic or had an unknown location, and relatively few cytoplasmic membrane proteins were detected. However, several proteins that have previously been identified as potential vaccine candidates were not detected in either OM preparations or in OMV. These results have important implications for the development and use of vaccines based on outer membrane proteins.
Neisseria meningitidis (meningococci) causes life-threatening meningitis and septicemia, principally in infants and adolescents. The recent development of vaccines comprising capsular polysaccharide from serogroup C meningococci conjugated to carrier proteins has led to a substantial decline in serogroup C infections in countries where the vaccine has been adopted (2) . Similar strategies to produce conjugate vaccines containing serogroup A, W135, and Y polysaccharides are also likely to succeed. However, the capsular polysaccharide from serogroup B strains, which have been the predominant strains in most temperate countries (2) , exhibits structural similarities to human neural cell adhesion molecules and is nonimmunogenic in humans (13) . Therefore, for development of an effective vaccine against serogroup B meningococci workers have focused on the proteins of the outer membrane (OM).
Isolation of outer membrane fractions from gram-negative bacteria is usually based on isolation of a whole-membrane fraction, followed by separation into discrete outer membrane and cytoplasmic membrane components by density gradient centrifugation (30) . Such procedures have proved to be ineffective for isolation of outer membranes from Neisseria species (22) . Therefore, for alternative isolation methods workers have utilized the observation that unlike the outer membranes of enteric bacteria, the Neisseria outer membrane can be detached as "blebs" by procedures that apply mild shear forces without disrupting the rest of the cell (14, 32) . Such procedures include the "shake and bake" method, where the bacteria are shaken at 45°C in lithium acetate in the presence of glass beads (18, 50) . Analysis of such preparations by one-dimensional sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) revealed that they contained lipopolysaccharide (LPS) and a restricted number of proteins that are believed to reside in the outer membrane (14) . The current experimental and newly licensed vaccines against serogroup B meningococcal infection are based on outer membrane vesicles (OMV) obtained by extraction with deoxycholate detergent to remove LPS (14) , which is responsible for induction of the acute inflammatory response and tissue destruction characteristic of meningococcal infection (7) . More recently, mutants of meningococci lacking LPS have been created by insertional inactivation of the lpxA gene, which encodes the enzyme required for the first step in the biosynthesis of the lipid A moiety of LPS (47) . Outer membranes isolated from such mutants represent an alternative source of material for vaccine use.
Studies of such vaccines have shown that the immune responses to different components are different in different individuals and that only a proportion of the antibodies induced are protective (27, 36) . However, a full understanding of the basis of the immune response is hampered by the lack of detailed knowledge concerning the composition of meningococcal OM blebs and the OMV derived from them. Studies to determine the protein compositions of these structures have been limited to analysis by one-dimensional SDS-PAGE and analysis by probing immunoblots with a panel of antibodies specific for known components of the outer membrane of N. meningitidis (1, 46) The availability of meningococcal genome sequences, including that of strain MC58 (48) , together with improvements in proteomic techniques now enables workers to use a more direct approach to determine the protein compositions of both OM and OMV preparations.
Proteome analyses are conventionally carried out using twodimensional (2D) gel electrophoresis, followed by mass spectrometric (MS) protein identification. Although 2D gels are able to resolve complex protein mixtures, low-abundance proteins and components with extreme physicochemical properties are difficult to detect. In particular, a major limitation of the technique is the poor solubility of membrane proteins, which consequently are underrepresented on 2D gels (37) . SDS-PAGE and nanocapillary liquid chromatography-tandem mass spectrometry (GeLC-MS/MS) constitute an alternative approach which involves one-dimensional (1D) electrophoretic separation of proteins based on their sizes, followed by liquid chromatography and tandem MS. Because this approach effectively solubilizes and fractionates membrane proteins while sample complexity is reduced, it can significantly increase the number of peptides that are identified and assigned to proteins (41) . An additional advantage of GeLC-MS/MS is that it provides an indication of relative abundance based on the number of peptide fragments identified per protein (5, 34, 35) .
In this study we took advantage of the recent sequencing of the complete genome of N. meningitidis strain MC58 (48) and used GeLC-MS/MS to analyze the protein compositions of normal and deoxycholate-extracted OM derived from strain MC58, as well as OM derived from an isogenic mutant deficient in LPS. The results obtained indicate that such preparations are unexpectedly complex, which has important implications for vaccine studies.
MATERIALS AND METHODS
Bacterial strains and growth conditions. N. meningitidis MC58 (serogroup B; serotype 15; serosubtype P1.7,16b) has been described previously (25) and is the serogroup B strain whose genome sequence is available (48) . An LPS-deficient mutant of strain MC58 was produced by insertional inactivation of the lpxA gene as described by Steeghs et al. (47) , and the absence of LPS was confirmed by SDS-PAGE (40) and silver staining (21) and by the Limulus assay (Sigma). Bacteria were grown on proteose peptone agar plates in the presence of 5% (vol/vol) CO 2 at 37°C for 16 to 18 h.
Preparation of outer membranes and vesicles. Meningococcal cells were harvested from confluent growth of bacteria on 60 14.5-cm plates directly into 0.2 M lithium acetate (pH 5.8) and extracted at 45°C in the presence of glass beads, and the outer membranes were recovered by differential centrifugation as described previously (49) . OMV with LPS depleted were prepared from the same batches of OM preparations (5 mg ml Ϫ1 ) by extraction with 1% (wt/vol) sodium deoxycholate in 1 mM Tris-HCl buffer (pH 8.5) containing 10 mM EDTA (8) . The protein concentrations of the preparations were determined with a bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL) used according to the manufacturer's instructions.
SDS-PAGE. SDS-PAGE of outer membrane preparations was carried out on linear 10 to 25% acrylamide gradients, and the gels were stained with Coomassie blue as previously described (19) . 2D electrophoresis was carried out with 100-g OM preparations as described by Bernardini et al. (3) , and proteins were visualized by silver staining with a ProteoSilver Plus staining kit (Sigma) used according to the manufacturer's instructions.
SDS-PAGE and GeLC-MS/MS. One-dimensional SDS-polyacrylamide gel electrophoresis coupled with GeLC-MS/MS was used as described previously (41) to identify proteins associated with OM and OMV preparations. Preparations containing 100 g of protein were solubilized in 0.1% (wt/vol) octyl glucoside and fractionated (30 g/track) on a NuPAGE 4 to 12% SDS-polyacrylamide gradient gel (Invitrogen). After visualization with colloidal Coomassie blue, each gel lane (length, 7 cm) was excised, cut into 29 pieces that were the same size, and subjected to in situ trypsin digestion using the method of Shevchenko et al. (43) . The resulting peptides were separated by nano reversedphase liquid chromatography, using a Waters C 18 column (3 m; 100 Å ; 150 mm by 75 m [inside diameter]), and electrosprayed into a quadrupole time-of-flight tandem mass spectrometer.
Mass spectrometry and data processing. All data were acquired using a Q-tof Global Ultima (Waters Ltd.) fitted with a nanoLockSpray source to achieve a mass accuracy that was better than 10 ppm. A survey scan was acquired from m/z 375 to 1800 with the switching criteria for MS to MS/MS including (i) ion intensity, (ii) charge state, and (iii) an exclusion list. The exclusion list was generated using the real-time database searching algorithm in ProteinLynx Global Server 2.05 (Waters Ltd.). The collision energy used to perform MS/MS was varied according to the mass and charge state of the eluting peptide.
All MS/MS spectra were automatically processed and searched against a FASTA-formatted list of protein sequences predicted from the MC58 genome and subsequently against the NCBI nonredundant database (June 2005 version), using ProteinLynx Global Server 2.05. Proteins were assigned only if, for each peptide ion, three or more experimentally derived y ions could be matched to the predicted spectra. When only one peptide was used in the identification of a specific protein, manual assignment of the spectra was performed. When peptides matched more than one database entry due to redundant protein sequence submissions, assignments to the duplicated sequence were removed.
In silico characterization of proteins. The predicted physicochemical parameters and subcellular locations of the proteins identified in this study were determined using protein sequences extracted from the MC58 genomic database located at http://www.tigr.org/. Theoretical isoelectric pH (pI) and molecular weight values were calculated using the ProteinLynx Global Server package (version 2.05).
Computational prediction of subcellular locations from the amino acid sequence information was performed using PSORTb, version 2.0 (15) (located at http://psort.org/).
RESULTS
Meningococcal outer membrane fractions. The outer membrane preparations were analyzed by 1D SDS-PAGE, and there were a limited number of major bands (Fig. 1 ) that were very similar to bands described previously by us and by other investigators (51) . The OM fraction yielded three major bands, which on the basis of M r corresponded to PorA, PorB, and Opa. The OMV fraction produced the same profile of major bands, but the number of minor bands was reduced. In contrast, the intensities of a number of minor bands from the OM from the LPS-negative mutant were increased; these bands included bands at apparent M r of approximately 100,000 and 39,000. 2D gel electrophoresis of the OM preparation from wild-type strain MC58 resulted in approximately 330 spots on silver-stained gels (not shown).
GeLC-MS/MS analysis of OM fractions. (i) Wild-type OM.
To obtain a detailed catalogue of constituent proteins, OM preparations were subjected to GeLC-MS/MS. Three replicate tryptic digests were analyzed for each preparation, and the results were matched with the tryptic peptides predicted from a protein sequence database derived from MC58 meningococcal genome data. A total of 666 peptide assignments were made, resulting in identification of 236 nonredundant proteins. Approximately 50% of the proteins were identified on the basis of two or more peptides, while the remainder were matched with single peptides using stringent identification criteria (see Materials and Methods). The identified proteins were correlated on the basis of their predicted locations within the bacterial cell using the PSORTb algorithm, which predicts the subcellular locations of proteins in gram-negative bacteria according to the presence or absence of leader peptides, homologies to known proteins, transmembrane domains, and outer membrane anchoring motifs (15) . A total of 15 proteins were predicted by the PSORTb analysis to be located in the outer membrane (Table 1) ; these proteins represented only 6.4% of the total number of proteins detected in this fraction.
The predominant outer membrane proteins detected were those that have been well established as the major components of the outer membrane, namely, the porins PorA and PorB and the Opc, PilQ, and Rmp proteins (20, 51) . The major exception was the Opa protein, which was clearly detected by 1D SDS-PAGE. The proteins not predicted to have an outer membrane location were predominantly periplasmic or cytoplasmic or had an unknown location, and relatively few cytoplasmic membrane proteins were detected ( Table 2) .
( a Proteins which were detected on the basis of three or more peptide matches and which were predicted by PSORTb to have locations other than the outer membrane.
b The protein name is the name in the annotation of the MC58 genome located at http://www.tigr.org/ unless indicated otherwise. c The theoretical molecular mass and pI values were calculated using the ProteinLynx Global Server Package (version 2.05). d Subcellular location predicted by PSORTb. C, cytoplasmic; P, periplasmic; CM, cytoplasmic membrane; U, unattributed. Similar results were obtained in an analysis of a second independent preparation of each fraction. Proteins detected with only one or two peptide matches are included in the full complement of proteins detected, which is available in the supplemental material.
e Predicted functional categories were derived from the Clusters of Orthologous Groups of proteins (COGS) database (located at http://www.ncbi.nlm.nih.gov/sutils/). Similar results were obtained in an analysis of a second independent preparation of each fraction.
f The name in the annotation of the MC58 genome located at http://www.tigr.org/ differs from the published name used in the text. See reference 33. g The name in the annotation of the MC58 genome located at http://www.tigr.org/ differs from the published name used in the text. See reference 52.
with LPS depleted produced a total of 602 peptide assignments, resulting in identification of 223 nonredundant proteins. Although this number was similar to the number of proteins detected in the wild-type OM preparation, there were some differences in the proteins detected. In general, a number of the predicted cytoplasmic proteins that were present at low levels in the OM preparation were not detected in the OMV preparation, while eight additional OM proteins, which were not found in the OM preparation, were detected at low levels in OMV (Tables 1 and 2 ). In the case of the OM from the LPS-deficient mutant, 848 spectra were collected, resulting in identification of 292 unique proteins, which was 56 more proteins than the number of proteins in the wild-type OM preparation. The majority of the additional proteins detected were cytoplasmic proteins ( Table  2 ). Only one protein predicted by PSORTb to be located in the OM was unique to this preparation (phosphoribosylformylglycinamidine synthase), but it was detected on the basis of only one peptide (Table 1) . Based on M r and the increase in the number of peptides detected, the two proteins whose intensities were significantly increased on 2D gels were tentatively identified as the 2-oxoglutarate dehydrogenase E1 component (NMB0955; molecular mass, 105 kDa) and zinc-containing alcohol dehydrogenase (NMB0604; molecular mass, 38 kDa) ( Table 2) .
Detection of Opa proteins. The OM preparation used in these studies was prepared from the parent strain of MC58 originally described (25) and clearly contained a single Opa protein as a major component (Fig. 1) . This protein was not detected by searching the MS/MS spectra obtained against a list of protein sequences predicted from the MC58 genome database. However, no Opa proteins are annotated in the translation of the MC58 genome (39) . In order to identify Opa and any other proteins corresponding to nonannotated sequences, a BLAST search of the peptides detected was carried out against a translation of all six frames of the genome sequence (45) . Only two additional protein hits obtained with high levels of significance (E values) and more than two peptides per protein were identified on the basis of similarity with entries in the Swiss-Prot database. One protein exhibited strong homology with the Opa proteins from serogroup C meningococcal strain FAM18 and the related gonococcal Opa proteins from strain FA1090, confirming the presence of Opa in the OM preparation. The other protein exhibited homology with a yeast hypothetical protein with an unknown function. Similar results were obtained with the OMV and OM preparations from the LPS-negative mutant.
DISCUSSION
In a previous study using 2D electrophoresis with whole-cell extracts of a serogroup A meningococcal strain and a pI range of 3 to 10 workers reported detection of 273 unique proteins, including 94 proteins that were previously only hypothetical proteins, corresponding to approximately 13% of the 2,121 open reading frames predicted from the genome sequence of the strain (3). In a similar study using strain MC58 but a restricted pI range (pI 4 to 7), the workers found 238 unique proteins (26) . In the current study, in which preliminary experiments were performed with strain MC58 using 2D electrophoresis of OM with a pI range of 3 to 10, 330 spots were detected, which is considerably more than the number that might have been expected if the preparation had contained only proteins located in the outer membrane. However, a significant number of meningococcal proteins have been reported to appear as multiple electrophoretic species on 2D gels due to the presence of isoforms whose pIs and molecular weights vary (3).
The GeLC-MS/MS method used in the current study increases the number of proteins that can be identified in a relatively unbiased manner (41, 44) . An additional advantage is that the number of peptides detected per protein permits workers to estimate the relative abundance (5, 34) , and it has been suggested that the relationship may be linear (35) . In this study 26 (49%) of the 53 genomic outer membrane proteins predicted by PSORTb were detected. The most abundant of these included proteins with important biological functions, including the PorA and PorB porins, the Opc protein associated with invasion of epithelial and endothelial cells (56), the Rmp protein, which may protect against complement-mediated bactericidal attack (28) , and the PilQ protein, which is essential for pilus assembly (11) . An additional outer membrane protein was found among the major components. NMB1567 is annotated on the MC58 genome as a "macrophage infectivity potentiator" (Mip) due to its 65% homology with an equivalent protein from Legionella londiniensis (48) . Furthermore, the Legionella Mip protein, which exhibits peptidylprolyl cis,trans-isomerase activity, has been reported to play an important role in virulence, perhaps through receptor recognition or inhibition of host defenses (16) . No direct role for a meningococcal Mip has been determined, but its presence in the outer membrane is clearly potentially important.
The proteins not predicted to have an outer membrane location were predominantly periplasmic or cytoplasmic or had an unknown location, and relatively few cytoplasmic membrane proteins were detected, suggesting that the outer membrane fraction is composed of OM proteins together with periplasmic and cytoplasmic components but contains little cytoplasmic membrane. In general, the cytosolic components that were detected corresponded to proteins involved in housekeeping functions. This is not surprising as such proteins tend to be most abundant in this subcellular compartment.
OMV preparations used as experimental vaccines are produced by deoxycholate treatment to deplete the toxic LPS in the OM. They can be produced either by initial isolation of OM followed by deoxycholate extraction or, alternatively, by treatment of whole cells with the detergent (14) . In the current study, the OMV preparation used was produced by extraction of the same wild-type OM preparation, and the catalogue of proteins identified was similar but not identical; comparatively more OM proteins and fewer cytoplasmic proteins were detected in the OMV. It is likely that the deoxycholate extraction of OM resulted in solubilization and removal of some cytoplasmic proteins, hence increasing the levels of other proteins above a threshold detection level. In contrast, all of the proteins identified as major outer membrane proteins remained present at high levels in OMV, and the number of peptides detected generally reflected enrichment compared with OM. In the current study it was not possible to determine whether the "non-outer membrane" proteins, particularly periplasmic VOL. 75, 2007 MENINGOCOCCAL OUTER MEMBRANE PROTEOME 1369
proteins, occurred in a natural association with the OM and OMV preparations or represented "contamination" of the preparation. However similar results were obtained when we analyzed a second independent OM preparation by GeLC-MS/ MS. While it likely that different methods of isolation might influence the protein profile of OM and OMV preparations, in a recent 2D electrophoresis analysis of OMV prepared by deoxycholate extraction of whole bacteria, workers reported that only 34 of the 138 proteins that could be identified on 2D gels were assigned by PSORT to outer membrane locations (12) . Similarly, 186 proteins were identified in an OMV vaccine preparation from Neisseria lactamica, and most of them would be expected to have non-outer membrane locations (53) . While it is possible that direct extraction of bacteria results in inclusion of some additional proteins, the current study revealed that both OM blebs and the OMV derived from them inherently contain a large number of such proteins. Although present in all three membrane preparations, the Opa protein was noticeably absent from the proteins detected by GeLC-MS/MS. In other recent studies with meningococcal OMV the workers also did not find Opa (53, 54) . Opa proteins are major components of the meningococcal outer membrane and play an important role in colonization and invasion of host epithelial cells (55) , but they are not vaccine candidates due to their phase variation, which may enable meningococci to evade at least some of the consequences of the normal host immune response (49) . A single meningococcus strain may express up to four Opa proteins, each of which is subject to independent phase variation. Phase variation results from reversible mutations in the number of five nucleotide repeat sequences that occur within the open reading frame, which result in on/off switches in expression of the protein. It is therefore possible that in other studies workers have used OMV prepared from an Opa-negative variant. In the current study we used the original isolate of strain MC58 (25) , and Opa was demonstrated to be a major component of the OM preparation but was not detected in the initial interrogation of the MC58 genome database. However, the published genome sequence was obtained from an Opa-negative variant of MC58, and each of the four Opa open reading frames present is out of frame for expression in the sequenced variant (39) . By using an alternative strategy, a BLAST search of the peptides detected against a translation of all six frames of the genome sequence, we were able to confirm the presence of Opa both in OM preparations and in OMV. Interestingly, no other known meningococcal phase-variable proteins were detected by this method.
Immunization of human subjects with experimental OMVbased vaccines has been shown to induce antibodies that promote complement-mediated killing of meningococci, the accepted correlate of protection against invasive meningococcal disease (4, 6, 10, 31). Because of the heterologous nature of OMV preparations, antibodies were directed against different antigens, the relative responses varied for different individuals, and only a proportion of the antibodies were protective. The only protein antigens that have been identified so far as antigens that contribute to the bactericidal activity following immunization of humans with OMV are the PorA (27) , PorB, and Opc proteins (36) , although Opc is absent from many disease isolates (38) and the biological significance of antiPorB antibodies remains uncertain (36) . All three of these proteins were found to be major components of the OM and OMV in the current study. More recently, a number of alternative proteins have been proposed as vaccine candidates. These include the Omp85 protein (23) , which was one of the most abundant proteins in the OMV preparation in the current study and was predicted to be located in the outer membrane by PSORTb. In contrast, several other putative vaccine candidates were not detected in the OMV, including AspA (52), GNA2132 NadA (9), GNA1870, and GNA2001 (33), while NspA (24) was detected. Most of these proteins were also not detected in the OM fraction from which the OMV were derived by detergent extraction. The single exception was GNA1870, which was detected at low levels in the OM fraction, and it is possible that deoxycholate extraction may have reduced the amount of the protein to below the level of detection. While the failure to detect a protein cannot be taken as absolute evidence of absence, the semiquantitative nature of GeLC-MS/MS suggests that proteins that are not detected are most likely to be present at low levels However, with the exception of NspA, the latter proteins were predicted by PSORTb to have locations other than the outer membrane. In recent studies with OMV obtained by direct deoxycholate extraction of the bacteria the workers also did not report the presence of these antigens (53, 54) . It is possible that such proteins are not integral outer membrane proteins but subsequently associate with the outer surface of the bacteria, presenting potential targets for bactericidal antibodies, and hence remain potential vaccine targets. However, in a study using 2D electrophoresis the workers did not report finding these proteins in the whole-cell proteome of strain MC58 (26) . It is also interesting that none of seven putative toxins (48) identified in the genome of strain MC58 were present in either OM or OMV fractions. Definitive knowledge of the OM and OMV proteomes should allow systematic, directed studies to determine which other proteins induce antibodies that promote complement-mediated killing of meningococci.
The potential use as a vaccine of an outer membrane fraction from an LPS-deficient meningococcal strain is dependent on retaining potentially protective proteins in an immunogenic form. However, the absence of LPS has additional effects on the properties of the outer membrane (46) . Mutants without LPS contain phospholipids with shorter and saturated fatty acid acyl chains and have a reduced growth rate and increased susceptibility to hydrophobic antibiotics. The major difference in protein expression between another wild-type serogroup B meningococcal strain and an LPS mutant reported previously was decreased expression of LbpB and TbpB (46) . These lipoproteins are expressed under iron-limited growth conditions and form parts of the lactoferrin and transferrin receptor, respectively. No attempt was made to limit the available iron source in the current study. Consequently, as expected, the LbpB and TbpB proteins were absent or present at low levels in OM prepared from both parent and mutant strains. However, for the most part the major proteins present in the OM from the parent strain were present at similar levels in the mutant, although one proposed vaccine candidate, NspA, was not detected in LPS-deficient OM. NspA has been suggested as a vaccine candidate based on its degree of conservation between strains and the observation that monoclonal antibodies directed against it are bactericidal (24), although in a recent study bactericidal antibodies were not detected in humans following immunization with purified NspA (17) . Interestingly, the levels of several proteins were markedly increased in the OM preparation from the LPS-deficient mutant; these proteins included the enzymes citrate synthase, 2-oxaloglutarate dehydrogenase, and succinyl-coenzyme A synthetase. This observation suggests that there is increased flux through the tricarboxylic acid cycle in the LPS-negative mutant. However, further studies are necessary to determine the precise biochemical rationale for the up-regulation of this metabolic module.
GeLC-MS/MS has provided a means to obtain detailed information concerning the composition of meningococcal outer membrane preparations, and studies have revealed a composition that is much more complex than the composition that has been reported previously. In particular, data have demonstrated the presence of, and provided information on the relative levels of, minor components in an OMV preparation of the type that forms the basis of current experimental vaccines directed against serogroup B strains. In addition, data have provided important information concerning an alternative to OMV for putative vaccine preparations and concerning the most comprehensive analysis of the protein content of the outer envelope of an LPS-deficient meningococcal strain. Such information should be important in studies on the human immune response to such vaccines and for identification of antigens that may contribute to a protective immune response. We are grateful to Therese Nestor for excellent technical assistance and to P. van der Ley and L. Steeghs for providing plasmid pLAK33 used in the construction of the MC58 LPS-negative mutant.
